Aims the Cape Peninsula is a small area (471 km 2 ) situated on the south-westernmost tip of the Core Cape Subregion (CCR) of South Africa. Within the Cape Peninsula, Fabaceae are the third most species-rich plant family (162 species) and they have the second highest number of endemic species after the Ericaceae. However, legumes are not the dominant taxa in the vegetation. they tend to show patchy distributions within the landscape and different species assemblages usually occupy particular niches at any given locality. the present study undertook to establish if edaphic factors influence legume species distribution in the Cape Peninsula and to determine the key indicator species for the different assemblages.
INtRODUCtION
Legumes have a global distribution (LPWG 2017; Schrire et al. 2005) , but they mostly occur in seasonally dry tropical forests and semi-arid temperate shrublands (Lavin and Matos 2008) . Their success in these harsh environments has been linked with their high leaf nitrogen (N) content (McKey 1994) , a trait likely evolved in ancestral legumes, which occupied nutrient-rich habitats (Herendeen et al. 1992) . Leaf nitrogen content is positively correlated with photosynthetic capacity (Chen et al. 2015; Tuohy et al. 1991) , and thus facilitates rapid growth and opportunistic production of short-lived leaves, allowing legumes to capitalize on brief periods of resource availability (McKey 1994) . Nitrogen fixation (N-fixation) is hypothesized to have evolved later as legumes spread into low-nitrogen habitats (McKey 1994) . This hypothesis has not yet been tested, but studies indicate that legumes radiated rapidly, shortly after their origin, 60 million years ago (Bell et al. 2010) , and N-fixation evolved multiple independent times during this radiation (Doyle 2011) .
Considering their adaptation for harsh environments, it is not surprising that legumes are the second most species-rich lineage in the Core Cape Subregion (CCR, also known as the Cape Floristic Region) of South Africa (Manning and Goldblatt 2012) . The CCR is one of the world's floristically rich regions (Cox 2001; Takhtajan 1986) , with a Mediterranean type of climate (Goldblatt and Manning 2002) . About 80% of its soils are derived from quartzitic sandstone and are mostly acidic and nutrient-poor, while some limestone, shale and granitederived soils which are slightly higher in nutrients, especially nitrogen and phosphorus (P), constitute ~20% of the CCR (Campbell 1986; Cramer et al. 2014; Rebelo et al. 2006) . Most CCR legumes are post-fire ephemerals (Le Maitre and Midgley 1992) , belonging to the predominantly N-fixing subfamily Papilionoideae (Sprent 2007; Sprent et al. 2017) . They also form cluster roots and symbiotic associations with mycorrhiza to facilitate P-uptake (Allsopp and Stock 1993; Lambers et al. 2010; Lamont 1982; Maistry et al. 2016) .
Surprisingly, most vegetation units of the CCR are dominated by Proteaceae, Ericaceae and Restionaceae species, and not the species-rich Leguminosae. This might be due to the fact that 75% of CCR legumes are short-lived reseeders (Le Maitre and Midgley 1992 ) that emerge shortly after fire and gradually disappear with time after the fire (Kruger 1983) . Nevertheless, the legume reseeders have patchy distributions, whereas the less prevalent resprouters have a more widespread distribution (Schutte et al. 1995) . Furthermore, distinct legume species assemblages tend to occupy particular niches at any given locality. Drivers of these distribution patterns are not yet fully understood. Dispersal capability, climate, rhizobia specificity (see Lemaire et al. 2015) and edaphic factors are some likely drivers.
Reseeders tend to grow rapidly in order to complete their life cycle within a short space of time. Since this lifestyle comes at a high nutritional cost (Bell 2001; Lambers et al. 2008) , reseeders tend to require higher nutrient levels than resprouters (Power et al. 2011) . While N may not be limiting for the N-fixing legumes, other nutrients, like P, may still be limiting (Cramer 2010; Maistry et al. 2013; Power et al. 2010) . Therefore, emerging shortly after fire allows legumes to capitalize on flushes of nutrients released after the fire event (Brown and Mitchell 1986; Certini 2005; Dean et al. 2015) . Considering the patchy distribution of nutrient-enriched sites following a fire event (Stock and Lewis 1986) and that species thrive on soils that meet their nutritional requirements (Richards et al. 1997a) , the legumes might be tracking these nutrient-enriched patches, hence their patchy distributions. Could the tendency of having discrete legume assemblages occupying distinct habitats also be due to edaphic factors? Pearson and Dawson (2003) conceptualized a hierarchical framework of the importance of various biotic and abiotic factors in driving the distribution of species at varying spatial scales. Climate has the strongest influence at the global, continental and regional (i.e. >200 km) scales; edaphic conditions are more influential at the local and site level (1-10 km and 10-1000 m, respectively), while biotic interactions are strongest from the local to the micro (<10 m) scales (Pearson and Dawson 2003) . Several studies on plants and animals support this framework (Eiserhardt et al. 2011; Luoto et al. 2006; Pearson et al. 2004; Thuiller et al. 2004) . However, deviations from this framework have also been reported. For example, Araújo and Luoto (2007) found that although climate was the major determining factor in the distribution of European Apollo butterflies, biotic interactions also had a significant role. Others include Heikkinen et al. (2007) and Austin and van Niel (2011) . Therefore, considering the uniqueness of the CCR regarding its species richness and ecological heterogeneity, it is necessary to test if the framework applies to the region.
Soil is the foremost substrate that anchors most land plants and from which they obtain water and nutrients. Several studies attest to the significance of edaphic factors in the biogeography of plants (Bertrand et al. 2012; Clark et al. 1999; Dubuis et al. 2013; Hall et al. 2004; John et al. 2007; Richards et al. 1997b; Soares et al. 2015) . However, the key edaphic parameters that drive species distributions tend to vary with the ecosystem and taxa involved. Soils of the CCR are generally oligotrophic, and P is considered to be a limiting nutrient (Cramer 2010; Lambers et al. 2010; Stock and Verboom 2012) . Low P levels are due to the main parent geological material's (Table Mountain sandstone) low P content of ~300 µg g −1 (Lambers et al. 2010; Marchant and Moore 1978) . Furthermore, most of the P is often bound to iron (Fe), calcium (Ca) and aluminium (Al) cations (Mitchell et al. 1984; Payn and Clough 1989; Witkowski and Mitchell 1987) and thus not readily available for plants. Therefore, P and these cations might be important in driving species distributions in the CCR. Since most CCR legumes are capable of N-fixation (Lemaire et al. 2015) , N may not be limiting legume distributions in the CCR. Edaphic heterogeneity is often cited as one of the main drivers of species distributions in the CCR, but the evidence to support such is very sparse. The only CCR studies that we are aware of are those of Esler and Cowling (1993) , focusing largely on Pteronia species in the semi-arid karoo biome and Richards et al. (1997b) , who focused on three pairs of Proteaceae species in the Agulhas Plains. Both studies focused on the role of competition between closely related species and edaphic factors in structuring plant communities. The study by Chimphango et al. (2015) , which showed that CCR legumes generally occupy nutrient-enriched islands within the landscape as compared to their surrounding non-legume vegetation, sheds light on the patchy distribution of legumes in the landscape. However, the question of having distinct legume assemblages being associated with distinct habitats remains unresolved. Hence, this study attempts to address it by identifying legume assemblages associated with distinct habitats and providing the link between legume distributions and edaphic factors, through sampling multiple legume communities across the edaphic gradients of the Cape Peninsula.
If edaphic factors drive the distribution of legumes in the Cape Peninsula, it should be possible to identify species or groups of species whose presence or absence in a given habitat signals the prevailing edaphic conditions of the habitat, i.e. indicator species (Siddig et al. 2016) . Indicator species are species that can be used as ecological indicators of community types or environmental conditions due to their niche preferences (Niemi and McDonald 2004) . Therefore, the aim of the study was to determine the role of edaphic factors in driving the distribution of legume species in the Cape Peninsula and to identify indicator species within the legume assemblages. Such knowledge will inform conservation planning aimed at kerbing biodiversity loss and allows for prediction of how changes in nutrient deposition, nutrient cycling processes, fire regimes and climate, might impact the composition of the flora. Physical and chemical properties of soils associated with legume species assemblages were analysed to address the following key questions: (i) do edaphic factors (physical and chemical) influence the biogeography of Cape Peninsula legumes, if so, (ii) what are the key edaphic parameters driving the patterns, and (iii) can we identify indicator species for the various soil types in the Cape Peninsula? We hypothesized that the distributions of legume species are linearly related to edaphic factors and that the interaction of P, Al, Ca and Fe drives the legume species assemblages in the Cape Peninsula.
MAtERIALS AND MEtHODS

Study site
The study was conducted in the Cape Peninsula, the area located within the southern core of the CCR, west of the 18°30ʹE longitude (Fig. 1) , as defined by Helme and TrinderSmith (2006) . Topographically, it ranges from the low-lying Cape Flats to gentle slopes and hills, culminating in ridges and plateaus with a maximum altitude of 1113 m on Table Mountain . The summits and upper slopes of the Cape Peninsula mountains are mostly associated with acidic and nutrient-poor sandstone-derived soils, whereas the lower slopes, which are associated with colluvium underlain by granite or shale, are less acidic and nutrient richer . The coastal areas are mostly associated with alkaline and poorly consolidated sands . The Cape Peninsula receives most of its rainfall during winter (June-August), while its summers are mostly dry. Annual precipitation ranges from 402 mm in Cape point to over 1000 mm in Maclear's Beacon, the highest point in the Cape Peninsula Higgins et al. 1999) . Annual precipitation varies considerably within very short distances owing to the highly heterogeneous altitude, aspect and topography (Adamson and Salter 1950; Cowling et al. 1996) .
Floristically, the Cape Peninsula has a total of 2285 species of vascular plants (Trinder-Smith et al. 1996) , of which 158 species are endemic (Helme and Trinder-Smith 2006) . The top five species-rich families in the Cape Peninsula are Asteraceae (286 species), Iridaceae (168 species), Fabaceae (162 species), Poaceae (141 species) and Ericaceae (112 species) (TrinderSmith et al. 1996) . The major vegetation types that occur in the Cape Peninsula include fynbos, renosterveld, dune strandveld and afro-montane forest (Mucina and Rutherford 2006; Trinder-Smith 2006) . Fynbos, the predominant vegetation type, is characterized by sclerophyllous shrubs and is dominated by Restionaceae, Proteaceae and Ericaceae species. Renosterveld occupies only 5% of the Cape Peninsula and is dominated by Asteraceae (especially Renosterbos: Elytropappus rhinocerotis (L.f) Less.), Poaceae species and various geophytic species. Dune strandveld consists of plants that grow on the inland edge of sandy beaches, stabilizing the soil. Forests are a minor component of the Cape Peninsula, restricted to moist valleys on eastern slopes and along river banks and consist of typical temperate tree genera such as Podocarpus L. (Campbell and Moll 1977) .
Sampling
Herbarium specimen records, dating as far back as the 1700s, were sourced from the Bolus Herbarium (BOL) and the Pretoria Computerised Information System (PRECIS) database of South African plants to determine the broad-scale distribution of legumes in the Cape Peninsula. These two sources carry the most comprehensive records of the CCR flora and the PRECIS database aggregates collections from all herbaria under the South African Biodiversity Institute (SANBI). However, the PRECIS records come georeferenced to 0.25° grid square, which is not ideal for this study, where finer scale geographic coordinates were required to accurately characterize species habitats. Therefore, all specimens obtained from the PRECIS database were further georeferenced using GEOLocate version 3.2.2 (Rios and Bart 2010) as the primary georeferencing tool and some detailed maps of the Cape Peninsula (Slingsby Maps). Most of the BOL specimens had already been accurately georeferenced, hence only those that had not been done were subjected to georeferencing.
To identify patterns of legume distributions within the Cape Peninsula (i.e. which areas have similar legume species composition) and areas of high legume species richness, the map of the Cape Peninsula was subdivided into 0.0625° grid squares. Thus, 19 such grid squares fall within the boundaries of the Cape Peninsula (Fig. 1 ). Using the georeferenced data, a matrix of presence (1) or absence (0) of all known (162) Cape Peninsula legume species in each of the 19 grid squares was generated. The matrix was analysed by cluster analysis (clustering algorithm: UPGMA, distance: Raup-Crick) using the program PAST version 3.12 (Hammer et al. 2001) .
Results of the cluster analysis informed our field sampling, which sought to capture the diversity in legume species assemblages, geological substrates, altitude, aspect and topography of the Cape Peninsula. Accordingly, at least one site was selected from each cluster, and where members of the same cluster fell into different geological substrate types (inferred from overlaying a geology layer on the grids), at least one grid per geological type was sampled. Overall, a total of 27 legume sites, representing 12 of the 19 grid squares were sampled ( Fig. 1 ). During fieldwork, each site was surveyed for legume species present through transect walks within 20 × 20 m quadrats. All legume species observed at each site were recorded and voucher specimens collected. Soil samples (three replicates) were randomly taken from the top layer (10-15 cm depth) of the soil profile by means of a soil corer or garden trowel. At the laboratory, the soil samples were airdried at room temperature, all plant debris and roots removed and sieved through a 2 mm mesh.
Analysis of chemical and physical properties of soils
The dried soil samples were analysed for 31 physical and chemical characteristics, including macro-and micro-elements, beneficial and toxic elements. These were: C, Ca, K, Mg, N (total N and NH 4 -N), P (total P and P Bray II) and S (i.e. macronutrients-Maathuis 2009); Cu, Fe, Mn, Mo, Ni, Zn (micronutrients-Hänsch and Mendel 2009); Al, Co, Ga, Na, Se, Si, V (beneficial elements-Pilon- Smits et al. 2009; Simon et al. 1989) ; As, Cd, Hg, Pb, Sn (toxic elements-Nagajyoti et al. 2010); as well as pH, sand, silt and clay contents. Each soil sample was partitioned into three portions. One portion was sent to the Elsenberg Laboratory of the Western Cape Government's Department of Agriculture for the analysis of ammonium (NH 4 -N), calcium (Ca), carbon (C), clay, magnesium (Mg), pH, potassium (K), sand, silt and sodium (Na) content. Water-soluble concentrations of the elements (i.e. available to plants) were measured for Ca, K, Mg and Na. Another portion was sent to Bemlab (Somerset West, South Africa) for the analysis of total P, P Bray II (available for plants) and total N. The final portion was crushed into a fine powder using mortar and pestle and analysed for total concentrations of the following 22 chemical elements: Al, As, Ca, Cd, Co, Cu, Fe, Ga, Hg, K, Mg, Mn, Mo, Ni, P, Pb, S, Se, Si, Sn, V and Zn using an X-ray fluorescence spectrophotometer.
Determination of the species composition of sites
Although herbarium specimen records were initially used to identify the broad-scale legume species assemblages in the Cape Peninsula to locate sampling areas, such records are subject to spatial biases and georeferencing errors (Stropp et al. 2016) , which compound an accurate determination of the fine-scale species composition of an area. Therefore, to compile a matrix of legume species compositions of the sampled sites, we used the data collected during our own field surveys. Each species was scored for presence (1) or absence (0) in each of the sites to develop a presence/absence matrix.
Statistical analyses
The soil data were natural log-transformed where necessary to achieve normality. A hierarchical cluster analysis (clustering algorithm: Ward's, distance: Euclidean) of all soil parameters was conducted to group the sites based on overall similarity of soil characteristics. A canonical discriminant function analysis (DFA) was used to determine the soil parameters that discriminate between the groups established from the cluster analysis. A stepwise DFA, whereby the variables are entered into the model one after the other, each time choosing the variable that maximizes the discriminatory power of the model, was used. Additionally, analysis of variance (ANOVA) was performed on the individual variables that had higher discriminatory contributions (based on their standardized coefficients) in the DFA. Tukey honest significance difference tests were used to identify significantly different means (P < 0.05). Correlations between total and plant available concentrations of Ca, K, Mg and P were determined using Pearson correlation analysis. Except for the DFA, which was performed in Statistica (Statistica version 13, StatSoft, Inc., Tulsa, OK, USA), all analyses were performed in R (R version 3.3.2, R-core team 2016).
To test for correlation between species composition and edaphic factors, canonical correspondence analysis (CCA) was employed. The CCA is a multivariate technique that uses gradients in environmental attributes to depict species' habitat preferences on ordination graphs in which the axes are linear combinations of the environmental factors (Ter Braak 1986 ). This technique was chosen over other ordination methods because of its robustness to skewed species distributions, unusual sampling approaches and cases where not all variables driving species composition are known (Palmer 1993) . Analyses were performed using the 'vegan' package in R. To select variables that best explain the species-environment relationship while accounting for correlation among variables (multicollinearity), we performed stepwise variable selection using the 'ordistep' function and examined the variance inflation factors (VIFs) of the variables (Ter Braak 1987) . Variables with VIF > 10 were excluded from the analyses. Permutation tests (10 000 permutations) were run to evaluate the statistical significance of the CCA model, its terms (soil variables) and the CCA axes. Preliminary analyses showed that sites from dune sands had exceptional values for most variables, which skewed the rest of the sites in the CCA analyses, thus they were excluded from subsequent analyses. Additionally, three granite-shale sites were ordinated separately from the main group of granite-shale sites, but closer to the sandstone sites. Thus, additional cluster analysis, DFA and CCA were performed on the three graniteshale sites and all the sandstone sites to determine whether there were any distinct groupings within this subset of the data.
Partial Mantel tests were conducted to test for spatial autocorrelation in the species-environment relationship using the 'ecodist' package (Goslee and Urban 2007) in R. The partial Mantel test examines the correlation between two distance matrices while controlling for a third one. Consequently, it is widely used to identify spatial autocorrelation in ecological studies where the effects of environmental variables on species composition are determined while taking into account geographic distance (Giraldo et al. 2016; Martiny et al. 2011; Talbot et al. 2014) . The statistical significance of the partial Mantel test results was assessed using 10 000 permutations.
We determined the strength of association between species and groups of sites using indicator values, which measure the predictive value of a species as an indicator of particular site groups (De Cáceres et al. 2010) . Analyses were performed in R using the 'indicspecies' package. The 'IndVal.g' function of 'multipatt' which corrects for unequal group sizes was employed. Permutation tests (10 000) were performed to assess the statistical significance of the association between species and groups of sites. We used the species presence and absence matrix for the 27 sites and grouped the sites based on their distinctness in overall edaphic characteristics as depicted by the results of the DFA performed on the soil data.
RESULtS
Legumes species composition of sites
The total number of legume species encountered during the surveys was 67, representing 22 genera (out of 25) and 9 tribes (out of 10). The list of species observed in each of the sampled sites is found in online supplementary Table S1 . Most species had restricted distributions, e.g. 38% of the species occurred on only one site; 26% on two sites; 14% on three sites and 22% of the species occurred on more than three sites (Fig. 2a) . A few widespread species encountered include; Bolusafra bituminosa Kuntze and Aspalathus ericifolia Willd. ex. Walp., both occurring on seven sites, Otholobium virgatum C.H.Stirt. was recorded on 11 sites and Psoralea pinnata L. occurred on 12 sites (see online supplementary Table  S1 ). A majority of the species (66%) occurred on only one soil type, 21% on two soil types and only 13% of the species occurred on three different soil types (Fig. 2b) . Although four soil types were studied (i.e. dune sands, granite, sandstone and shale), no single species occurred on all of them.
Chemical and physical properties of soils
The cluster analysis of the overall soil characteristics grouped the 27 sites into three main groups (see online supplementary Fig. S1 ). One group comprised 16 sites, which are sites associated with Table Mountain sandstone parent rock material. Another group comprised two sites that are associated with coastal dune sands, while the third group (nine sites) comprised sites from both shale and granite substrates (see online supplementary Fig. S1 ). Of the 31 soil characteristics studied, 10 had significant contributions towards the discriminant function, thus the 10 were used for the DFA of the three groups obtained from the cluster analysis. The standardized coefficients of the 10 variables on the first and second roots of the DFA are shown in online supplementary Table  S2 . Chi-square tests showed that the two roots (discriminant functions) were significant (P < 0.001). Root 1, which explained 69.09% of the variance in the model, was strongly influenced by Na, Fe, Al and K, in descending order, while for Root 2, which explained 30.91% of the variance, C and P were the most important elements (see online supplementary Table S2 ). A scatterplot of the canonical scores confirmed the separation of the three groups along both roots (see online supplementary Fig. S2 ). In terms of univariate differences between the groups, sites from granite-shale substrates had significantly higher Al, Fe, K, Mn and N, but lower sand content than the sites from sandstone and dune sands (Table 1) . In contrast, the sites from dune sands had higher concentrations of P Bray II and Na than sites from the other two soil types (Table 1 ).
An assessment of correlation between total concentrations of Ca, K, Mg and P, as measured using the X-ray fluorescence technique and their corresponding plant available portions, showed a positive relationship: Pearson r values = 0.82, 0.85, 0.54 and 0.81, respectively (P < 0.0001).
Correlation between legume species composition and edaphic factors
Soil characteristics that best explained the species-environment relationship after removing collinear variables were clay content, Fe, K and Zn, hence they were used for the CCA. The CCA confirmed a significant linear relationship between species composition and soil characteristics (permutation F = 1.910, P = 0.001). The first and second canonical axes, which were both significant (P < 0.001), jointly explained 82% of the constrained inertia (i.e. variance explained by the soil variables). The sites formed two main groups which separated along CCA1, one comprised six granite-shale sites and the other comprising three granite-shale sites ordinated next to the sandstone sites (Fig. 3a) . The six granite-shale sites were associated with higher values of all four key soil characteristics. Legume species were distributed throughout all four quadrats of the first two CCA axes (Fig. 3b) , indicating distinct edaphic optima for the different legume species assemblages.
Due to the clustering of three granite-shale sites with the sandstone sites (Fig. 3a) , separate cluster analysis, DFA and CCA were performed on this group to determine whether there were any distinct sub-groups within it. The cluster analysis recovered two main clusters of the sandstone sites (denoted Sandstone_1 and Sandstone_2) and one cluster containing all three granite-shale sites and one sandstone site (denoted Granite-shale_1) (see online supplementary Fig. S3 ). Six soil variables (C, Fe, K, N, P Bray II and pH) contributed significantly to the discrimination of the three clusters (see online supplementary Table S3 ) and the DFA confirmed significant differences between the clusters (P < 0.0001). Their ordination along the two roots is presented in Fig. 4 . Root 1 (accounting for 84.55% of the variance) was strongly associated with Fe and Root 2 (15.45%) was strongly associated with C (see online supplementary Table S3 ). For the univariate ANOVA among the groups, Fe and P Bray II were significantly higher in the granite-shale sites than the two groups of sandstone sites ( Table 2 ). The two groups of sandstone sites differed significantly in their C, K and N concentrations (Table 2) .
Iron, K and S were the variables that contributed significantly to the species-environment relationship for this subset of the data. The CCA showed a significant correlation between species composition and soil characteristics (permutation F = 1.764, P = 0.001). The first two axes explained 69.29% (P = 0.001) and 30.69% (P = 0.002) of the constrained inertia, respectively. The Granite-shale_1 sites clustered together and separately from the sandstone sites, and were associated with higher Fe and K (see online supplementary Fig. S4a ). With the exception of two sites, the sites of the Sandstone_2 group formed a distinct cluster, while those from the Sandstone_1 group had no distinct grouping (see online supplementary Fig. S4a) . The species were distributed on all four quadrats of the CCA plot with various assemblages having distinct edaphic optima (see online supplementary Fig. S4b) .
The partial Mantel test on species composition vs. geographic distance while accounting for edaphic factors was not significant (Mantel r = 0.090, P = 0.097), whereas the correlation between edaphic factors and species composition while taking into account geographic distance was significant (Mantel r = 0.280, P = 0.0001), indicating that there was no significant spatial autocorrelation in the data. Similar results were obtained for the analysis of the subset of the data (comprising three granite-shale and all sandstone sites). Thus, the observed correlations in the species-environment relationships were not compounded by spatial autocorrelation.
Based on the results of the DFA, the following groups were used for indicator species analysis: granite-shale, dune sand (see online supplementary Fig. S2 ), Sandstone_1, Sandstone_2 and Granite-shale_1 (Fig. 4) . A total of 13 species were identified as significant indicator species, three for Sandstone_2, two species for dune sands, two for Granite-shale_1 and six species for the main granite-shale sites (Table 3) . No species were associated with more than one group and only one site group (Sandstone_1) did not have any significant indicator species assigned to it.
DISCUSSION
The results of the DFA on the soil data showed that soils of the Cape Peninsula differ in physical and chemical properties that are known to influence plant growth and metabolism. Although not all soil characteristics were analysed for watersoluble portions (i.e. plant available concentrations), the findings of significant positive correlations between total and available concentrations of four elements (where concentrations were measured from both total and plant available forms) validate inferences of the role of the studied edaphic factors in driving legume species distributions. The results indicate that the soils differ in their physical and chemical properties according to their parent geology, except for the granite and shale, which were grouping together. Additionally, variation exists within the different soil types as indicated by the observation of a further significant split within the sandstone and granite-shale sites (Fig. 4) . Importantly, this variation within soil types can be associated with varying species composition on the landscape as was shown in the present study.
The CCA confirmed a linear relationship between legume species composition of sites and edaphic factors, and this relationship was not due to spatial autocorrelation, as indicated by the results of the partial Mantel tests. Thus, habitats that differ in their soil characteristics are associated with different legume species assemblages. This is consistent with broad vegetation patterns in the CCR, whereby landscapes of a particular geology are occupied by specific taxa. For example, Ericaceae, Proteaceae and Restionaceae tend to be restricted to sandstone-derived soils, while Mesembryanthemum, Oxalis and Scrophulariaceae mostly occur on shale (Linder 2003) . This suggests that edaphic factors play a significant role in determining what species can occupy particular habitats in the CCR. Therefore, the findings confirm our hypothesis that edaphic factors influence the biogeography of legume species in the Cape Peninsula and it corroborates the hierarchical Table 2 : mean ± SE of the concentrations of the six key variables separating the three main soil groups associated with the sandstone and three granite-shale sites only framework of Pearson and Dawson (2003) , which highlights edaphic factors as important for species distributions at such local spatial scales. Similar findings have been reported from several ecosystems, e.g. temperate forests (Bertrand et al. 2012) , tropical rain forests (Clark et al. 1999; John et al. 2007) , Alps (Dubuis et al. 2013) , Mediterranean shrublands (Richards et al. 1997b ) and savannas (Soares et al. 2015) . Therefore, studies on the distributions of species at local spatial scales need to consider the effects of soils. The observation of several species being restricted to fewer sites or soil types (Fig. 2) and the observation of distinct optima for the various legume species ( Fig. 3b ; see online supplementary Fig. S4b ) indicate that the species differ in their edaphic requirements. These differences in edaphic preferences might allow the legumes to take advantage of the heterogeneous nature of the CCR's edaphic environment through diversifying their niches, thereby promoting speciation. This could account for the high legume species richness of the CCR and it would be consistent with the hypothesis that the high ecological heterogeneity of the Cape Peninsula promotes higher beta diversity, thereby leading to its high species richness (Simmons and Cowling 1996) .
The main soil characteristics involved in driving the distribution of the Cape Peninsula legumes were clay, Fe, K, S and Zn ( Fig. 3; see online supplementary Fig. S4 ). The involvement of multiple elements underscores the idea that focusing on a single soil parameter for species distributions may be misleading . These soil parameters are known for their roles in plant growth and their involvement in driving plant species distributions is well documented. Chimphango et al. (2015) reported K among the nutrients which were higher in legume patches than nearby non-legume vegetation. In this study, K was over four times higher in the granite-shale sites than the sandstone or dune sand sites (Table 1) . Moreover, the CCA separated granite-shale sites from sandstone sites ( Fig. 3 ; see online supplementary Fig.  S4 ) indicating that species on these habitats have different nutritional optima. Considering that four of the six indicator species for the granite-shale group (Table 3) occur exclusively  on granite-shale habitats (see online supplementary Table  S1 ), it is possible that such species cannot survive on the low K sandstone and dune sand habitats, hence they are restricted to the high K shale and granite habitats. Therefore, K must be important for legume distribution in the CCR.
Sulphur is a macronutrient involved in the synthesis of proteins, vitamins, chlorophyll and defence compounds against biotic and abiotic stress (Rausch and Wachter 2005) . Likewise, Zn is an essential component of many proteins in plants and while its deficiency may inhibit plant growth and metabolism, excess amounts of Zn can be toxic to plants (Broadley et al. 2007) . Therefore, the involvement of S and Zn in the legume distributions suggests that variations in their availability in the landscape could impact species distributions. Clay content is known to influence a number of soil properties, e.g. organic matter content, water retention and infiltration capacity, thus its involvement here highlights its potential significance for species distributions in the CCR.
We hypothesized that the interaction of P with Al, Ca and Fe are the main drivers of legume distributions in the Cape Peninsula. The Fe content of granite-shale sites was up to 10 times higher than that of sandstone and dune sand sites (Tables 1 and 2 ) and it was the strongest driver of the legume species composition-soil relationship in the CCA ( Fig. 3 ; see online supplementary Fig. S4 ). Its involvement might be linked to its tendency to bind P (the main limiting nutrient), making it unavailable to plants (Witkowski and Mitchell 1987) . Apart For each species, we present the probability that the surveyed site belongs to the target site group (A), the probability of finding the species in sites belonging to the site group (B), the Indicator value (IndVal) which is a product of A and B (De Cáceres et al. 2010 ) and the statistical significance of the association (P-value).
from its role in respiration, photosynthesis, hormone structure and DNA synthesis (Graziano and Lamatina 2005; Jeong and Guerinot 2009; Rout and Sahoo 2015) , Fe is needed for nodulation and N-fixation (Rotaru and Sinclair 2009; Tang et al. 1990) . Considering that CCR soils are poor in N (Kruger 1983; Stock and Lewis 1986; Witkowski and Mitchell 1987) , whereas legumes have a higher N requirement (McKey 1994) , N-fixation must be the primary source of N for the legumes. Indeed, a majority of the observed native legumes in the CCR are N-fixing (Lemaire et al. 2015) . Therefore, because of its involvement in N-fixation, Fe must be important for legumes in the CCR, thus influencing their distribution. However, in excess amounts, Fe can be toxic to plants through generating oxidative stress (Kampfenkel et al. 1995) , thus it could also be acting as an environmental filter, allowing only those species that can tolerate or counteract its toxicity to survive in a given habitat.
The indicator species analysis identified 13 significant associations of legume species with particular groups of sites based on their soils' chemical and physical properties. This accentuates the significance of the correlation between edaphic factors and legume species composition of sites. Thus, by observing these indicator species on a given site, one can potentially predict the edaphic conditions of the site and similarly, given the list of species occurring at a site, one can predict the prevailing edaphic conditions of the site. This observation holds true outside the Cape Peninsula where a number of the indicator species occupy sites with (potentially) similar edaphic conditions. For example, O. bracteolatum is widespread within the CCR where it is found in the strandveld, a vegetation type characterizing the dune sand ecosystem. Thus, our results on indicator species have broader utility. Indicator species are important for conservation planning in that their presence or absence in a particular habitat could guide delineation of ecoregions or provide a signal of changes in the state of the environment such as nutrient deposition from air pollution. Therefore, our findings provide a basis for further studies incorporating more environmental attributes to strengthen our understanding of the interplay between the environment and community assembly processes in the CCR.
CONCLUSION
The study has shown that the Cape Peninsula is edaphically heterogeneous and that differences in soil characteristics of sites are associated with differences in legume species assemblages. In addition, multiple soil parameters rather than a single soil parameter are involved in driving the legume species distributions. The study also showed that some legume species can serve as indicator species for the edaphic conditions of the sites they occupy. Therefore, soil chemical and physical factors contribute significantly towards the biogeography of legumes in the Cape Peninsula. Considering that the Cape Peninsula is a microcosm of the CCR in terms of legume species diversity and edaphic habitat types, we predict that similar results can be obtained with a further sampling of legumes across the CCR. These findings imply that conservation planning and studies seeking to predict future distributions of the legumes, such as those relating to the impacts of climate change, need to consider patterns and amounts of nutrient deposition that could affect the survival of some species in an area or their migration out of these areas. We recommend that further studies investigate the effects of climate, dispersal and biotic interactions in order to assess their relative contributions towards the biogeography of legumes in the CCR.
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